Introduction
Lead (Pb) is a natural constituent of all soils (Adriano, 2001) . Soil Pb concentrations have increased in past years through such processes as mining, sewage sludge application, fossil fuel combustion, and many chemical and other manufacturing industries (Adriano, 2001; Basta et al., 2005) . A wide variety of health effects of Pb exposure in children and adults have been recognized (ATSDR, 2005) , and according to recent reports, no safe blood Pb threshold for children has been identified to date (Brown and Margolis, 2012) . Lead contaminated soil is a primary source of Pb exposure to young children. It is well known that different soils with same total Pb concentrations could have very different bioavailable Pb concentrations (Scheckel et al, 2009 ). The bioavailability of Pb in soils and mine wastes primarily depends on its chemical speciation . In contaminated soils and mine wastes, large fractions of Pb can exist in potentially bioavailable fractions. Therefore, considerable effort has been focused on developing cost-effective remediation technologies to reduce metal bioavailability and mobility in natural environments .
Previously, remediation efforts have principally consisted of removal of the contaminated material with subsequent back-filling with clean soil. However, this process is costly, time consuming, and requires a source of clean soil. Current research involves the potential to change the bioavailability of Pb in situ by altering its chemical speciation (Mench et al., 1994 , Porter et al., 2004 . Much of this research has been focused on the addition of P amendments to Pb contaminated soils to form Pb phosphates, particularly pyromorphite, which is one of the most stable Pb minerals under a wide range of environmental conditions (Nriagu, 1974) . As a result, P amendments could be used to reduce the bioavailability/bioaccessibility of Pb in contaminated soils and mine wastes.
Immobilizing Pb as pyromorphite in soils has been extensively studied in the literature (Cao et al., 2003; Chappell and Scheckel, 2007; Chen et al., 2006; CotterHowells and Caporn, 1996; Hashimoto et al., 2009; Hettiarachchi and Pierzynski., 2004; Hettiarachchi et al., 2000; Hettiarachchi et al., 2001; Lin et al., 2005; Ma et al., 1993 Ma et al., , 1995 McGowen et al., 2001; Ruby et al., 1994; Scheckel and Ryan, 2002; Scheckel and Ryan, 2004; Yang et al., 2001; Yoon et al., 2007) . The possibilities of inadequate immobilization, or dissolution of pyromorphite after P treatment, have also been investigated (Butkus and Johnson, 2011; Debela et al., 2010) .
Research has continued to explore the effect of different P sources on metal phosphate formation. These sources include phosphate rock (PR), diammonium phosphate (DAP), triple superphosphate (TSP), and phosphoric acid (PA) (Cao et al., 2003; Chappell and Scheckel, 2007; Hettiarachchi et al., 2000; Hettiarachchi et al., 2001; McGowen et al., 2001; Yang et al., 2001 ). All P sources have resulted in the reduction of Pb bioavailability to a variety of organisms. This decline is hypothesized to be the result of metal phosphate formation. However, treatment effects could vary across soils due to the chemical heterogeneity of soil environments. Additionally, it is not well understood how the metal phosphate species formed might be influenced by P source or by distance in the soil from P-containing materials, which has implications for the amount of P that needs to be added and the degree of mixing that is required. For example, fluid P delivery systems should be more effective at producing metal phosphates due to the greater solubility of P for reaction and a larger reaction zone due to greater diffusion.
However, research in this area is lacking and is needed to better understand the influence of P sources in the Pb sequestration process.
Understanding the rate and effectiveness of P treatments on the sequestration of Pb as Pb phosphates, more specifically pyromorphites, methodologies that is capable of examining true speciation of soil Pb in situ must be employed. So one goal of Pb stabilization research is to measure the amount of soil Pb that is converted to less soluble phosphate phases, but this is problematic in heterogeneous, non-equilibrated systems . More recently, speciation of metals in complex environments has been achieved by using spatially-resolved synchrotron-based techniques, such as X-ray absorption spectroscopy (XAS), coupled with statistical analysis via linear combination fitting (LCF) or principal component analysis (PCA) (Hashimoto et al., 2009; Isaure et al., 2002 , Roberts et al., 2002 . This experimental approach combines the in situ capabilities of synchrotron-based techniques with thorough statistical analysis that allows one to compare unknown samples to well-characterized reference compounds . Concerns with this procedure do exist because of the limited number of reference mineral compounds, but it has been suggested that the combined use of different synchrotron-based techniques could enhance mineral species identification (Manceau et al., 2002a) . Therefore, a combination of μ-X-ray fluorescence (μ-XRF), μ-XAS, and μ-X-ray diffraction (μ-XRD) would allow one to locate trace-metal enriched areas (μ-XRF), understand the approximate chemical environment (μ-XAS), and identify the mineral form (μ-XRD). This approach was employed to accomplish the following objectives: 1) investigate how different P sources influence the Pb phosphate species formed, 2) estimate the relative abundance of the Pb phosphate minerals formed at a given distance from the P amendment, and 3) observe how Pb speciation changes with reaction time.
Materials and Methods

Materials.
The material used in this study was collected from an abandoned Pb/Zn smelter near Dearing, KS. The material was collected from the upper 20 cm, sieved through a stainless steel 2-mm screen, air dried, and stored in plastic containers at room temperature. This material is a smelter slag/soil mixture that has been previously studied to evaluate the effect of different P treatments on reduction of bioavailability (determined by physiologically based extraction test, PBET), and solubility of Pb (determined by toxicity characteristics leaching procedure, TCLP) (Hettiarachchi et al., 2000; Hettiarachchi et al., 2001 ).
Soil pH was measured in a 1:1 deionized water:soil mixture with a Ross Combination pH electrode (Thermo Orion, Beverly, MA). Total organic C was measured by dry combustion on a LECO CN-2000 Elemental Analyzer (LECO Corporation, St.
Joseph, MI). Samples were treated with phosphoric acid prior to analysis to remove the carbonates. Total P for contaminated soil and P amendments were determined by salicylic-sulfuric acid digestion (Bremner and Mulvaney, 1982) and extractable P by Mehlich-3 (Mehlich, 1984) . Filtered digests/extracts were then analyzed colorimetrically for P content. Cation exchange capacity (CEC) was determined by ion displacement (Jaynes and Bigham, 1986) .
Nitric-acid extractable metal concentrations were determined by digesting 2 g of material (≤ 2-mm) with 20 mL of 4 M HNO 3 (trace metal grade) acid at 80 to 85 o C for 4 h (Sposito et al., 1982) . Filtered digests were then analyzed for Cd, Pb, and Zn by inductively coupled plasma-optical emission spectrometry (ICP-OES). Total "free" iron oxide content was estimated using the Nacitrate bicarbonate-dithionite method (Na-CBD) (Jackson et al., 1986) . Extracts were analyzed for Fe using ICP-OES. Soil was analyzed for sand, silt and clay content by the pipette method as described by Gee and Bauder (1986) . See Table 1 for details. For bulk X-ray analyses, fractionation of sand, silt, and clay was done according to Jackson (1975) . The bulk X-ray analyses were conducted with a Phillips X-ray diffractormeter (Phillips Electronic Instruments, Mahwah, NJ) with a theta compensating slit and curved crystal graphite monochromator. Measurements were taken using Cu Kα radiation at a wavelength of 1.54 Å and were made using a continuous scanning technique at a speed of 2 o 2θ per minute. The potential was 35 kV, and the amperage 20mA.
Sample Preparation for X-ray Techniques. The treatments in this study included several P sources and a control that were reacted over two different time periods (4 and 52 weeks). The P sources included fluid phosphoric acid (PA) and ammonium polyphosphate (APP) and the granular sources phosphate rock (PR), monammonium phosphate (MAP), and triple super phosphate (TSP). In addition, a contaminated non-P amended control was prepared for comparison. MAP, APP, and TSP were commercially available fertilizer grade P sources and contained 221, 133, and 199 g P kg -1 , respectively. MAP and APP contain N in the ammonium form and each delivered 115
and 102 g N kg -1 , respectively. The PR (powder form) was from Occidental Corp.
(White Springs, FL) and had 144 g P kg -1 , while PA was technical grade phosphoric acid containing 314 g P kg -1 . For each treatment combination, one hundred-g (dry weight basis) of contaminated waste material (25% gravimetric water content) was placed in a plastic container. The P sources were added in a line across (40 mm deep) the center of the container so that 20 mg of P were provided by each source. The amount of P added reflected an average for a typical granule of the dry fertilizer materials. The P additions were clearly marked with plastic toothpicks and covered by additional contaminated material. The containers were packed to a bulk density of 1.35 g cm -3 . The plastic containers were covered with Parafilm, which would not make containers fully air-tight, and allowed to incubate in the moist condition for 4 or 52 weeks. No additional water was added during the incubation. Once incubation time was 24 hours from being complete, the covers were removed from the plastic containers, and they were placed in the greenhouse to air dry. The air-dried samples were then impregnated with Buehler EpoThin® two part (epoxy/hardener) resin (Beuhler LTD., Lake Bluff, IL, USA) and allowed to cure overnight. The hardened resin was then cut using a petrographic trim saw to expose the P treatments and surrounding waste material. Once exposed, the surface was polished to remove saw markings, cleaned with deionized water, dried, and cemented to polystyrene plastic (0.5-mm thick) using Hillquist Thin Section Epoxy A-B (Hillquist Inc., Denver, CO, USA). Polystyrene plastic was chosen instead of glass in an attempt to eliminate as much background noise in μ-XRD measurements. Once the cement was dry, thin sections were polished to a thickness of approximately 25-μm.
Synchrotron-based μ-XRF, -XAS, and -XRD Data Collection/Analyses. Micro-XRF maps, μ-XAS, and μ-XRD were collected at beamline 13-BM (GeoSoilEnviro Consortium of Advanced Radiation Sources) at the Advanced Photon Source at Argonne National Laboratory, Argonne, IL. All data were collected at ambient temperature in fluorescence mode with a Ge solid-state 13-element detector (Canberra Inc., Meriden, CT, USA) and μ-XRD spectra were collected with a MAR 345 Image Plate detector (MarUSA Inc., Evanston, IL, USA).
The samples were mounted on an x-y-θ stepping-motor stage. Fluorescence data for Pb were collected at ambient temperature for a given area (map sizes typically range from 3000-by 6000-μm) for all fluid and granular P treatments with a step size of 50-μm.
Using the XRF maps, further investigation of four to six points of interest (POIs) (high relative concentrations) for Pb were determined moving outward from the point of P application. Figure 1 illustrates how POIs were selected. For granular sources, the centers of the point of application for different treatments were defined by the granule.
Whereas in fluid treatments, the center of the point of application was estimated by distance from a plastic marker (toothpick) installed at the time of P application.
For each sample, three replicates of µ-XAS spectra for each defined Pb POI were collected across the range of -200 to 600 eV above the L III -edge of Pb (~13035 eV) in fluorescence mode and spot size was about 25-30 µm. The μ-XAS spectra were also collected for several known standard Pb compounds in transmission mode ( Figure 2A ). In addition, the μ-XAS spectra were also collected for Pb sorbed to ferrihydrite at pH of 6.
The collected Pb μ-XAS spectra for P treatments and reference compounds were processed using the IFEFFIT software package (Ravel and Newville, 2005) . Due to the poor quality of the extended x-ray absorption fine structure region only µ-XANES spectra could be used for Pb data analysis. A minimal smoothing was done using
IFEFFIT software by applying a simple three-point smoothing algorithm while comparing carefully with the unsmoothed spectra. Processed experimental spectra were analyzed in a two-step process using Labview software for principal components analysis (PCA) and the IFEFFIT software package for linear combination fitting (LCF) (Ravel and Newville, 2005) . Principal components analysis was used prior to LCF only to test the consistency of the fitting procedure and, therefore, results from PCA will not be presented. The number of significant components determined by PCA was four based either on the minimum indicator (IND) value of each component or on the weight of each component, which is directly related to how much of the signal it represents. Based on PCA analysis, maximum number of components was limited to four during the LCF. The region of 12985 to 13135 eV for Pb was isolated for Pb LCF. The linear combination procedure was performed to reconstruct the contaminated soil-P amendment spectra using all of the combinations of the all reference spectra.
For the LCF procedure, the combination with the lowest reduced χ 2 was chosen as the most likely set of components. The accuracy of LCF depends on the data quality and how well the reference spectra fit the experimental samples (Roberts et al., 2002) . A reduced χ 2 value near 1 indicates a reliable fit. Because there are a limited number of reference spectra and problems obtaining ideal standards to use in the fits, the best-fit compositions may not give the true composition, but the results can be used to describe and compare the differences between treatments. To help remedy this problem, synchrotron-based μ-XRD can be teamed with μ-XAS to enhance mineral species identification (Manceau et al., 2002a; 2002b) . X-ray diffraction is a more definitive technique than XAS, but minerals have to be crystalline in order to utilize XRD.
Therefore, a μ-XRD (~17,500 eV) pattern was taken at each Pb POI to assist in species identification. For μ-XRD spectra, the data were processed using the Fit2D software package for integrating 2D Debye-Scherer rings to one-dimensional 2θ scans (Hammersley et al., 1996) . The compound cerium dioxide (CeO 2 ) was used as the calibrant. Cerium was chosen because it is a relatively heavy element, so it will diffract higher energy X-rays very strongly. D-spacings were calculated using Fit2D software and matched to the d-spacings of known mineral species using the powder diffraction file search manual (JCPDS-International Centre for Diffraction Data, 1987).
To elucidate information on the movement and distribution of P upon the addition of P amendments, μ-XRF maps were collected at beamline 2-ID-D at the Advanced Photon Source, Argonne, IL. Thin sections, previously used at 13-BM, were peeled from the plastic slides and mounted onto a sample holder, which provided a sample thickness of approximately 25-μm. The sample holder was then placed on an x-y-θ stepping-motor stage. Fluorescence data for the P K-edge (2145.5 eV) were collected at ambient temperature for a 300-by 2000-μm area for all fluid and granular P treatments. A beam size of 500-by 500-nm with a step size of 5-μm was used and data were collected with a silicon drift detector. In addition, XRF spectra for two thin-film NIST multi-element standard reference materials (SRM 1832 and SRM 1833 for X-ray fluorescence spectrometry) were collected for conversion of XRF signals to relative elemental concentrations, which allows for the quantification of elements. MAPS software version 1.6.0.4 was used to quantify the distribution of P for each XRF map. Data was used to produce a plot of concentrations as a function of distance from the P amendment.
The effects of P amendments on Zn in this mine waste material and from this same incubation study has been reported separately (Baker et al., 2012) . However, no relationship exists between the POI's used here and those used for the Zn work. Areas enriched in Zn were not generally also enriched in Pb.
Results and Discussion
Bulk Mineralogical Analyses. Bulk XRD techniques can only detect crystalline materials present in concentrations ≥ 10 to 20 g kg -1 (Ma et al., 1994) , and direct identification of solid forms of many elements was not always possible by XRD. The mineralogy of the silt-(0.05 mm to 0.002) and clay-sized (< 0.002 mm) fractions indicated the presence of quartz, willemite, and galena, but peak intensities for these minerals were weak, suggesting that the minerals were present at concentrations near the detection limit and/or poorly crystalline. The clay-sized fraction was enriched in Fe, implying the presences of Fe oxyhydroxide solid phases, which could influence the movement of P and the formation of Pb phosphates since such solids have a high affinity for phosphates (Table 1, Pierzynski and Sims, 2005) . Unfortunately, comparable data was not collected for Al. There was no evidence for the existence of Pb phosphate minerals in either mineral fraction analyzed.
Synchrotron-based Pb speciation in non-amended soil. Bulk-XANES analysis of nonamended soil collected in the transmission mode indicated that the major Pb species were galena, cerussite and plumboferrite( Figure 2B , Table 4 ). Linear combination fitting showed relative abundances of 70% for galena, 20% for cerussite, and 10% for plumboferrite. According to μ-XANES the major Pb species present in non-amended soils include cerussite, galena, and sorbed Pb with smaller amounts of anglesite, magnetoplumbite, and plumboferrite (Table 2) . Although µ-focused XANES alone would not be sufficient to assess the "average" molecular environment surrounding the element of interest it allows identification of minor species because we probe limited soil volume at a given time and that might be the reasoning for observing more Pb species with μ-XANES. Because there were a limited energy range used for LCF procedure and a limited number of standard spectra, there was some uncertainty associated with the LCF procedure, μ-XRD analysis was used to further aid in species identification. Micro-XRD (Cao et al., 2002; Ostergren et al., 1999; Scheckel and Ryan, 2004; Hettiarachchi et al., 2001) , which generally agrees with our data.
Synchrotron-based speciation changes of Pb upon P amendment addition. The LCF analysis of the Pb μ-XANES spectra for different P amendments indicated the presence of Pb phosphate minerals for all treatments in the contaminated soil (Table 2, Figure 2B ).
This implied that all P amendments were successful at converting Pb from more soluble species to the less soluble Pb phosphate minerals, namely plumbogummite and pyromorphite. However, results vary by P amendment, incubation time, and distance from the point of P application.
For PR incubated for 4 weeks, plumbogummite (55%) was the major Pb species adjacent to the granule. However, Pb phosphate minerals became an insignificant part of the fit as the distance from the PR granule increased, which was anticipated due to the low solubility of PR (Lindsay, 1979) . After 52 weeks, the same trend still existed. There were significant amounts of Pb phosphates present adjacent to the granule, 26% plumbogummite and 19% pyromorphite, but as distance increased from 900 to 1200 μm the amount of plumbogummite decreased from 50% to 5%, respectively, which can again be attributed to the low solubility of PR.
To better illustrate the differences in P solubility, Figure 3 compares the average concentration of P with distance from the edge of a PR or TSP granule, and to PA droplet, relative to background soil P concentrations at 52 weeks. Phosphorus concentrations in the PR treatment reached background levels at approximately 1250 μm, which was the point where plumbogummite was estimated to be 4.9% of the Pb species present. In contrast, P concentrations for the fluid PA amendment were evenly dispersed and at appreciably higher concentrations than background levels up to 2000 μm.
Distribution of P in granular MAP (data not shown) and TSP ( Figure 3 ) were intermediate to PR and PA, while P concentration distribution in APP, another fluid P source, (data not shown) was similar to PA. These results support other studies that indicated reduced lability of granular P compared to liquid fertilizer formulations (Hettiarachchi et al., 2006; Lombi et al., 2005) . This may influence the effectiveness of the P amendment at immobilizing Pb. In particular, greater available P concentrations created by both fluid and highly soluble granular P sources could enhance the probability of Pb phosphate formation. However, more soluble P sources could increase eutrophication risk if P amended soil or mine waste were moved off site into surface waters.
Linear combination fitting for the PA amendment incubated for 4 weeks showed a relatively even distribution of Pb phosphates with distance from the point of P application (Table 2) . However, the identity of the P solid phases did vary. At the 52 week sampling, pyromorphite (38.5%) became the dominant Pb mineral adjacent to the droplet, while the amount of plumbogummite increased at 1500 and 3300 μm when compared to similar distances at the 4 week period. Additionally, it appeared as if the P gradient was nonexistent at 52 weeks in the PA treatment, which was supported by the μ-XRF generated radial P distribution plot ( Figure 3) . As a result, the same amount of P applied through fluid PA versus that applied in granular PR influenced the Pb chemistry of a much larger area. However, there is concern that PA will lower soil pH (Cao et al., 2003) , which could subsequently alter the bioavailability of Pb and other potentially toxic metals (Yoon et al., 2007) .
Fluid APP could be used to supply P for reaction with less acidity, but it has not been studied. After a 4 week incubation period, Pb phosphate minerals dominated the Pb speciation at 300 and 2400 μm from the point of APP application (Table 2) .
Additionally, this was the only amendment, either granular or fluid, besides TSP that induced pyromorphite formation within weeks of application. At 3600 μm, the amount of Pb phosphates was significantly reduced as compared to 300 and 2400 μm, which suggested that P had not yet diffused to this point or P availability was limited by another variable. At 52 weeks, pyromorphite was the principal Pb mineral adjacent to the droplet, while at 1700 and 4200 μm the amount of Pb phosphates decreased. In contrast, the radial distribution plot for APP at 52 weeks showed an even distribution pattern similar to PA (Figure 3 ), suggesting that Pb phosphate formation was limited by other factors such as P sorption to Fe oxides (Sims and Pierzynski, 2005) , lack of Pb for reaction, or competition of other metals for P (Lindsay, 1979; Nriagu, 1984) .
Triple super phosphate, which is mostly monocalcium phosphate [Ca(H 2 PO 4 ) 2 *H 2 O], was the only granular P source to induce pyromorphite formation at the 4 week incubation period (Table 2 ). This could be attributed to the small amount of acidity produced during granule dissolution that could potentially release Pb for reaction.
In addition, the amount of Pb phosphate minerals produced by TSP during this time period was rather homogenous over distance, similar to the fluid P sources. At 52 weeks, the amount of pyromorphite present increased with a subsequent decrease in plumbogummite when compared to the 4 week incubation. However, the amount of Pb phosphate minerals formed over the entire area did not increase dramatically with time, which suggested a rather rapid initial reaction with TSP followed by a slow transformation of existing Pb-phosphates. Results for granular MAP indicated the presence of Pb phosphates at all distances and incubation times. At the 4 week incubation period, the amount of Pb phosphates was lowest adjacent to the granule and highest at 2300 μm. One possible explanation for this was that another phase was controlling the availability of Pb or P in the vicinity of the granule, thus limiting Pb phosphate formation. At 52 weeks, there was an increase in Pb phosphate minerals present, but the increase occurred at 1600 μm from the granule where pyromorphite was present suggesting that some other phase was limiting P or Pb availability for reaction. Hettiarachchi et al. (2001) used the same soil contaminated by a Pb/Zn smelter slag and found that PA and a high application of TSP were more effective at reducing bioavailable Pb as measured by the physiologically-based extraction procedure (PBET) than PR. However, in the other four contaminated materials studied, PR was equally effective as compared to both PA and TSP. This study confirmed the findings of Hettiarachchi et al. (2001) in that PA and TSP were more effective than PR at reducing Pb bioavailability through the formation of insoluble Pb phosphate minerals in the smelter slag contaminated soil. We propose that the smelter slag soil contains more discrete Pb minerals that are dissolved by the acidity created by both PA and TSP, thus allowing more Pb to react with P resulting in more Pb phosphate minerals. Phosphate rock does not produce this acidity; therefore, less Pb phosphates are formed.
It has been suggested that pyromorphite formation is kinetically rapid and aging increases crystallinity in a pure system (Scheckel and Ryan, 2002) . However, this study indicated that pyromorphite formation in natural soil environments may actually be rather The formation of the Pb phosphate mineral plumbogummite has not been documented in any study using P amendments to stabilize Pb contaminated soils or wastes. However, studies have not attempted to speciate and quantify Pb phosphate formation around individual P granules or droplets. According to Nriagu (1984) , the precipitation of plumbogummite during soil formation processes cannot be ignored since the mineral is expected to be more stable than pyromorphite at near neutral pH, provided that both Pb and phosphate activities are low and Al is available for reaction.
Pyromorphite is favored by acidic environments and high P/Pb availabilities. In previous studies, researchers saturated the soil solution with respect to phosphate to induce pyromorphite formation and the systems were homogenized by mixing (Chappell and Scheckel, 2007; Cotter-Howells and Caporn, 1996; Hettiarachchi et al., 2001; Ma et al., 1993 Ma et al., , 1995 Scheckel and Ryan, 2002; Scheckel and Ryan, 2004; Yang et al., 2001) , which would favor pyromorphite. It was acknowledged that under normal environmental conditions it is inevitable that Pb or P availability could be a rate limiting component for pyromorphite formation (Scheckel and Ryan, 2002) , which could lead to the formation of other Pb phosphate minerals. This study was aimed to investigate the Pb speciation changes in the vicinity of an individual P source at the molecular level, which ultimately led to the identification of both plumbogummite and pyromorphite.
For most P sources, the amount of plumbogummite decreased with time with a subsequent increase in pyromorphite (Table 2) . This suggests that plumbogummite may be a metastable Pb phosphate mineral that transforms into pyromorphite as P concentrations increase. Plumbogummite is not stable in acid soil environments with elevated Pb and P concentrations (Nriagu, 1984) . Therefore, with increasing distance from the point of P application, plumbogummite remains the only Pb phosphate mineral present and this is likely due to low P availability.
Micro-XRD Analysis. Galena was the major mineral species detected by μ-XRD analysis (Table 3) . This also was the major mineral species identified using XAS (Table   2 ). Other minerals that were identified by μ-XRD include cerussite, plumboferrite, magnetoplumbite, plumbogummite, and pyromorphite. Figure 4A is an example μ-XRD pattern for PA incubated for 52 weeks that indicates the presence of chloropyromorphite and plumboferrite 400 μm from the point of application while Figure 4B is an example for PA also at 52 weeks indicating the presence of plumbogummite 1500 μm. Most interestingly, XRD was able to confirm many of the same trends that were discovered using XAS. For example, at the 4 week incubation, identification of plumbogummite and pyromorphite (Pb phosphates) by XRD was limited primarily to the area adjacent to the point of application, which was similar to the results using XAS. However, XAS on many occasions identified Pb phosphates at much greater distances than XRD, but XAS can determine mineral speciation on both amorphous and crystalline materials at a much lower detection limit, while XRD was limited to only crystalline species. Crystallinity of Pb phosphates may be an issue at early incubation times At the 52 week incubation, Pb phosphate minerals can be identified by XRD at greater distances from the point of application indicating an increase in crystallinity. Pyromorphites have increased crystallinity, more distinguishable morphology, and greater stability with time after formation (Scheckel and Ryan, 2002; Stack et al., 2004) , which would facilitate identification by XRD.
We have proposed that plumbogummite or plumbogummite-like minerals could be metastable Pb phases during the formation of pyromorphite. In addition, species could be poorly crystalline or amorphous in nature and would not strongly defract X-rays making them more difficult to detect by XRD. However, μ-XRD is a quick and powerful tool when coupled with μ-XAS. The use of μ-XRD supported the findings of the XAS work and reduced the inherent uncertainty in the linear combination fitting procedure.
Environmental Implications. All P amendments were able to induce Pb phosphate formation in situ, thus potentially reducing Pb bioavailability. Pyromorphite formation is preceded by the formation of other metastable Pb phosphate minerals, such as plumbogummite, which was not been previously reported. This further suggests that Pb bioavailability may change with time. Fluid P amendments are superior at inducing Pb phosphate formation over a much greater area than granular P sources, suggesting greater P diffusion and subsequent availability of P for reaction with Pb. The outward rate of P movement may have been slower in the granules due to their hygroscopic nature and the influx of water upon placement into the moist soil (Hettiarachchi et al., 2006) . In general, PA was the most effective P amendment at producing Pb phosphates. This can be attributed to high levels of available P and the acidity of PA that can make Pb more readily available for reaction through the dissolution of discrete Pb minerals (Cao et al., 2003) . Triple super phosphate was the most effective granular source at forming Pb phosphates. As a result, PA and TSP were the most effective P amendments at inducing Pb phosphate formation in this material, but monitoring is necessary to assure stability of Pb phosphates over time and to limit the impact of P on the environment. Shading is relative across each map. The markers P1 to P6 in a) and P17 to P25 in b) represent locations for which μ-X-ray absorption near-edge structure (XANES) and μ-Xray diffraction (XRD) analyses were conducted. Calcium is shown in a) to illustrate the location of a PR granule. 
